Orientation control of Cu(In,Ga)Se 2 (CIGS) thin film could be critical to achieve conversion efficiency of CIGS solar cells that exceeds 20%. The preferred orientation of CIGS thin film is investigated here by modifying the surface of an underlying Mo film. The orientation and surface morphology of the Mo film were modified by varying the deposition pressure during the sputtering process. The Mo surface showed a (110)-preferred orientation at low deposition pressures and a (221)-preferred orientation at high deposition pressures. With a Se pretreatment at 400 • C, a strong (002)-oriented MoSe 2 layer was formed on the (110)-oriented Mo film and a randomly oriented MoSe 2 layer was formed on the (221)-oriented Mo film. We found that a (112)-oriented CIGS film was grown on the (002)-oriented MoSe 2 surface, while a (220)/(204)-oriented CIGS film was grown on the randomly oriented MoSe 2 surface. The orientation of the MoSe 2 layer that was dependent on the surface morphology of the Mo film played a role in determining the preferred orientation of the CIGS thin film. The sequential progress of the orientation development of Mo, MoSe 2 , (In,Ga) 2 Se 3 and Cu(In,Ga)Se 2 films in a three-stage co-evaporation process is examined and discussed. Molybdenum (Mo) is one of the most promising materials used as a back contact for Cu(In,Ga)Se 2 (CIGS) solar cells. Generally, the Mo film is deposited by sputtering on a glass substrate. It consists of a bilayer in which the top layer has low resistivity and where the bottom layer has good adhesion to the glass substrate. The bottom layer is deposited at a high working pressure of Ar gas (∼10 mTorr) and the top layer is deposited at a low working pressure of Ar gas (∼1 mTorr) for this purpose.
Molybdenum (Mo) is one of the most promising materials used as a back contact for Cu(In,Ga)Se 2 (CIGS) solar cells. Generally, the Mo film is deposited by sputtering on a glass substrate. It consists of a bilayer in which the top layer has low resistivity and where the bottom layer has good adhesion to the glass substrate. The bottom layer is deposited at a high working pressure of Ar gas (∼10 mTorr) and the top layer is deposited at a low working pressure of Ar gas (∼1 mTorr) for this purpose. 1 It has been reported that the surface morphology and residual stress depend on deposition parameters. 2 Several previous studies have reported the characteristics of the sputterd Mo film for CIGS solar cells. Scofield et al. suggested that the bilayer structure of Mo film is necessary for low resistivity and good adhesion to the substrate. 1 Al-thai et al. presented a good perspective of the effect of the sputtering pressure on the morphology and microstructure of Mo films. 3, 4 Wada reported that the forming of a MoSe 2 interface layer at the CIGS/Mo interface depends on deposition conditions of Mo films. 5, 6 Recently, Abou-Ras et al. studied the reaction kinetics of the MoSe 2 formation and the orientation of the MoSe 2 layer, which is parallel or perpendicular to the Mo surface. 7 A strong correlation between the characteristics of the sputtered Mo film and the preferred orientation of the CIGS film was found. However, the effect of the Mo surface morphology on the preferred orientation of the CIGS film has not been well understood. In this study, the effect of the surface morphology of the Mo film on the preferred orientation of the CIGS film was investigated. For this purpose, an additional thin surface Mo layer was deposited onto the bilayer structure by varying the working pressure of Ar gas to modify the surface morphology of the Mo film without changing its resistivity and adhesion. In this way, we studied the evolution of the preferred orientation of the CIGS film on different Mo surfaces.
Experimental
A Mo film was deposited on a soda-lime glass substrate by DC magnetron sputtering. The glass substrate was ultrasonically cleaned for 45 min with trichloroethylene, acetone and methanol in succession. The substrate was then dried with nitrogen gas. Prior to the deposition of the Mo film, the Mo target was cleaned by pre-sputtering for 5 min. A 200 nm-thick Mo layer was deposited at 10 mTorr and a z E-mail: btahn@kaist.ac.kr 700 nm-thick Mo layer was then deposited at 1 mTorr, resulting in a bilayer with low resistivity and good adhesion to the substrate. The surface of the Mo film was then modified by depositing an additional thin surface Mo layer at various working pressures ranging from 1 to 20 mTorr. The thickness of the surface Mo layer was approximately 100 nm. The total thicknesses of Mo films with surface Mo layers were all around 1 μm. The structure of the Mo film with the surface Mo layer is schematically shown in Fig. 1a .
A CIGS thin film was deposited on the Mo film by the coevaporation of Cu, In, Ga, and Se elements using a three-stage process. The evaporation rates of the Cu, In, Ga, and Se were 0.9, 4.3, 0.7, and 15 Å/s, respectively. 8, 9 In the first stage, a 1 μm-thick (In,Ga) 2 Se 3 film was grown by co-evaporating In, Ga and Se elements on Mo/glass substrates at 400
• C. In the second stage, a CIGS film was formed by evaporating Cu and Se on the (In,Ga) 2 Se 3 film at 590
• C. The end of the second stage was detected by measuring substrate temperature drop. In the third stage, In, Ga, and Se elements were evaporated on the CIGS film to convert the CIGS film into a p-type semiconductor. The thicknesses of CIGS films were all around 2.3 μm.
To observe the influence of the surface morphology of the Mo film on the MoSe 2 orientation, the Mo surface was selenized in Se vapor in a vacuum chamber at 400
• C for 30 min with Se flux of 35 Å/s. A 1 μm-thick (In,Ga) 2 Se 3 film was then deposited onto the MoSe 2 layer to explain the evolution of the preferred orientation of the 2.3 μm-thick CIGS film. The schematic structures of (In,Ga) 2 For the solar cell fabrication, a 50 nm-thick CdS buffer layer was deposited on the CIGS film by the chemical bath deposition technique. i-ZnO(50 nm) and n-ZnO:Al(300 nm) for the window layer were sequentially deposited by radio-frequency magnetron sputtering on the CdS layer. A 500 nm-thick Al grid was deposited as a current collector at room temperature using thermal evaporation.
The preferred orientation and composition profile of the tested thin films were characterized by x-ray diffraction (XRD) and Auger electron microscopy (AES), respectively. The XRD patterns were measured at 40kV and 100mA, and the x-ray exposure area was 10 × 10 mm 2 . The film area under study was larger than the x-ray exposure area. The surface morphology and cross-sectional microstructure were investigated using atomic force microscopy (AFM) and a field-emission scanning electron microscope (FESEM). The photovoltaic parameters were measured at 1.5 AM (100 mW/cm 2 at 25
• C) illumination using a solar simulator. Figure 2 shows XRD patterns of Mo films taken using a 2 theta scan. The surface Mo layers of Mo films were deposited at 1, 5, 10, and 20 mTorr during the sputtering process. At a low working pressure, the Mo film is strongly (110)-oriented. The intensity of the (110) peak decreases as the working pressure increases. At a high working pressure, the intensity of the (211) peak is even greater than that of the (110) peak. The residual stresses of Mo films with surface Mo layers deposited at 1, 5, 10, and 20 mTorr were investigated using XRD techniques (sin 2 method 2, 10 ). Table I summarizes the residual stress and FWHM of Mo films with surface Mo layers deposited at working pressures of 1, 5, 10, and 20 mTorr. Because measuring the absolute residual stress is difficult, the stress difference was calculated in a comparison of it to that of a Mo film with a surface Mo layer that was deposited at 10 mTorr. The residual stress data show that, while all of Mo films have compressive stress, there is little difference in the stress levels between the films. It was considered that the stress effect on the preferred orientation is negligible in our experiment, as only the surface Mo layer is modified. Figure 4 show AFM images of Mo films with surface Mo layers deposited at 1 and 10 mTorr. As the working pressure increases, the surface morphology of the Mo film shows small grains with many sharp hills. According to AFM and SEM images, the Mo film with the surface Mo layer deposited at 1 mTorr has smooth and elongated grains, while the Mo film with the surface Mo layer deposited at 10 mTorr has rough and relatively small grains. The rough and small grain boundary area in Fig. 4b may be responsible for the increase in the nucleation rate. Because the CIGS film is deposited by the co-evaporation of Cu, In, Ga and Se, the deposition environment is a Se environment. Se is an electronegative element and a Mo substrate is an electropositive element, therefore, they can easily react to form a very thin MoSe 2 layer during the first stage of the CIGS film growth. 7, 11 Thus, it is likely that the MoSe 2 layer on the Mo surface affects the morphology and orientation of the CIGS film grown on it. However, the thickness of the MoSe 2 layer is very thin during the three-stage process. The structural information cannot be easily defined. To clarify the structure of MoSe 2 , it is necessary to grow a thicker layer of MoSe 2 , despite the fact that the orientation of the very thin layer will not be identical to that of a thick layer. To clarify the influence of the surface morphology of the Mo film on the MoSe 2 orientation, Mo films were selenized at 400
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• C for 30 min with Se flux of 35 Å/s. The substrate was ramped up at a rate of 30
• C/min and was cooled down rapidly by switching off the halogen lamp immediately after the selenization process. Figure 5 shows XRD patterns of MoSe 2 layers grown on the surface of Mo films. On the smooth and elongated-grained Mo surface deposited at 1 mTorr, a MoSe 2 layer with a (002) hexagonal basal plane was grown. On the other hand, a MoSe 2 layer with the (002) and (100) was grown on the rough and small-grained Mo surface deposited at 10 mTorr. It can be seen that on the rough and small-grained surface, the nucleation rate is high and the resulting grains grow randomly. The thickness of the MoSe 2 layer cannot be determined from the SEM image because there is no clear image contrast between the MoSe 2 and the Mo layers. We estimated the film thickness based on reference data, in which the reaction kinetics of MoSe 2 formation was studied. 7 The thickness of the MoSe 2 layer is estimated to be in the range of 10 nm.
The (In,Ga) 2 Se 3 film deposited on the (002)-oriented MoSe 2 layer that is grown on the surface Mo layer deposited at 1 mTorr shows strong (006) intensity. On the other hand, (In,Ga) 2 Se 3 film deposited on the randomly oriented MoSe 2 layer that is grown on the surface Mo layer deposited at 10 mTorr shows much lower (006) intensity. The intensity ratios of (006)/(300) of (In,Ga) 2 Se 3 film deposited on the (002)-oriented MoSe 2 and randomly oriented MoSe 2 layers are 9.6 and 3.9, respectively. It is clear that the (006) orientation of (In,Ga) 2 Se 3 film is dominant on the (002)-oriented MoSe 2 layer and that the (In,Ga) 2 Se 3 film is randomly grown on the random-oriented MoSe 2 layer. In the latter case, the number of grains with the (300) orientation increases. Figure 6 shows XRD patterns of CIGS films, deposited on the MoSe 2 /Mo/glass substrates. A CIGS film with the (112)-preferred orientation was grown on the (006)-preferred (In,Ga) 2 Se 3 film, while a CIGS film with the (220)/(204)-preferred orientation was grown on the less (006)-preferred (In,Ga) 2 Se 3 film. It was noted that the growth of the (220)/(204) CIGS orientation on the (300) plane in (In,Ga) 2 Se 3 film is favorably oriented, while (In,Ga) 2 Se 3 film is randomly oriented. Analyzing in terms of the surface Mo layer, the (112)-oriented CIGS film grew on the surface Mo layer with smooth and elongated grains that was deposited at 1 mTorr. The (220)/(204)-oriented CIGS film grew on the surface Mo layer with small and rough grains that was deposited at 10 mTorr. Figure 7 shows SEM plane images of CIGS films grown on Mo films with surface Mo layers deposited at 1 and 10 mTorr. The morphology of the CIGS film deposited on the surface Mo layer grown at 1 mTorr shows many faceted grains (Fig. 6a) , while the CIGS film on the surface Mo layer grown at 10 mTorr shows many round grains (Fig. 6b) . The grain size in Fig. 6a is larger than that in Fig. 6b . It is apparent that the CIGS grains in Fig. 6b are more densely connected than those in Fig. 6a and the surface of the CIGS film in Fig. 6b is smoother than that in Fig. 6a . Figure 8 shows AES depth profiles of CIGS/Mo films with different surface Mo layers. The Ar-ion sputtering rate of AES was 80 ∼ 90 nm/min. The Mo and Se diffusion profiles at 1 and 10 mTorr are different, although no apparent MoSe 2 layer can be observed in the AES profile. Existing MoSe 2 on the Mo/CIGS surface was reported by Wada et al. 5, 6 In Fig. 7b , the width of the CIGS/Mo interface is wider and a kink is observable in the Mo profile. These data suggest that Se is more deeply diffused when the Mo grain size is small and the grain boundary area is large. Figure 9 presents a schematic evolution of the preferred orientation of CIGS films based on different underlying Mo films. From the crystallographic arrangement between MoSe 2 , (In,Ga) 2 Se 3 and CIGS, it becomes clear that the orientation of CIGS is based on MoSe 2 symmetry. 
Conclusions
The surface morphology of Mo film used in CIGS solar cells was modified in this study by depositing an additional thin surface Mo layer at various working pressures. The Mo surface was smooth and had elongated grains at a low working pressure, whereas it was rough and had small and round grains at a high working pressure. A MoSe 2 layer with the strong (002) orientation was grown on the smooth and elongated surface, while a MoSe 2 layer with a random orientation was grown on the rough and small-grained surface. A strongly (006)-oriented (In,Ga) 2 Se 3 film was grown on the MoSe 2 layer with a strong (002) orientation, while a randomly oriented (In,Ga) 2 Se 3 film was grown on the random-oriented MoSe 2 layer. In the latter case, the number of grains with the (300) orientation increased. A CIGS film with a strong (112) peak was grown on the (006)-oriented (In,Ga) 2 Se 3 film, while a CIGS film with a strong (220)/(204) peak was grown on the randomly oriented (In,Ga) 2 Se 3 film. The (300) plane in the (In,Ga) 2 Se 3 film plays a major role in (220)/(204)-oriented CIGS films. Our results show that the surface morphology of Mo film plays a key role in the evolution of preferred orientation in CIGS film and that the orientation of MoSe 2 on the surface of the Mo film determines the orientation of the CIGS film. The conversion efficiency of the solar cell with the (220)/(204)-oriented CIGS film was higher than that of the solar cell with the (112)-oriented CIGS film, probably due to the improved surface smoothness and densely-connected grains of the (220)/(204)-oriented CIGS film. Thus, our results demonstrate a means of increasing the efficiency of the CIGS solar cell.
